The effects of high hydrostatic pressure (483 and 676 MPa at 20 • C for 5 min) and heat treatment (63 • C for 30 min and 72 • C for 15 s) of milk on the rheological properties of coagulant-induced milk gels were investigated. The rheological properties of gels were determined using a dynamic Physica Rheometer and Texture Analyzer. Milk turbidity was measured by a spectrophotometer. The gels produced from a pressure of 483 MPa had higher storage modulus (G * ) and firmer gel at cutting compared to heated milks. Increasing the pressure to 676 MPa caused a reduction in G * , less firm gels, and an increase in milk turbidity compared to 483 MPa and heated milks. The differences between the gels formed from different pressure-and heat-treated milks, suggesting that the structure network of gels were considerably altered by high hydrostatic pressure treatment of milk. Disruption of casein micelles and denaturation of whey proteins caused by high hydrostatic pressure treatments were responsible for most of the effects observed in this study. In general, pressurizing the milk at 483 MPa at 20 • C was a promising treatment for the manufacture of coagulant-induced milk gels with good rheological properties; however, pressurization at 676 MPa could not be recommended.
INTRODUCTION
High hydrostatic pressure (HHP) has been known as a potential food preservation method for over a century. A considerable amount of information has become available in the last 20 years demonstrating increasing interest in HHP processing in food production. [1, 2] Interests have increased since recent progress in the engineering headspace. The milk samples were pressurized at 483 or 676 MPa utilizing a high-pressure unit (Engineered Pressure System, Wilmington, MA, USA). Both pressure treatments were conducted at 20 • C. The pressure was raised to the desired value at a rate of 2.16 MPa/s, and then maintained for 5 min. These pressure levels were chosen because milks treated at pressures up to 500 MPa have been shown to have a shelf life at least equivalent to pasteurized milk. [6] Batch Heat Treatment (BHT)
Standardized milks (1000 ml) were heated to 63 • C, maintained at this temperature for 30 min, with continuous rocking, in a thermostatically controlled water bath (VWR Co., Batavia, IL, USA). After heat treatment, the milk samples were rapidly cooled by immersion in ice water until the temperature was below 10 • C.
Continuous Heat Treatment (CHT)
Standardized milk was pasteurized in a plate heat exchanger (Y1991; Alfa Laval, Lund, Sweden) at 72 • C at a flow rate of 9000 l/h, with a holding time of 15 s and cooling to 4 • C.
Rheological Measurements
Small-strain oscillatory shear measurements were performed on a Physica Rheometer (Physica-Rheolab MC 20/UM; Physica USA, Inc., Spring, TX, USA) using the Z1 DIN concentric cylinders. The measuring geometry consisted of two coaxial cylinders; the outer and inner radius of the measuring bob are 2.35 and 2.275 cm, respectively; the outer and inner of the measuring cup are 2.40 and 2.25 cm, respectively; and the measuring length is 11.1 cm. The rheometer was driven by a microprocessor, and the temperature was maintained at 35 ± 0.1 • C by a circulating water bath.
A double strength microbially-derived cheese coagulant, CHYMAX (Chr. Hansen's Laboratory Inc., Milwaukee, WI, USA) was diluted 40 times; the dilution was selected based on the setting time at the WSU Creamery. Upon addition of coagulant solution (2 ml) to the milk (300 ml) at 35 • C, the milk was stirred for 30 s and then 17 ml of the milk was transferred into the cylinder of the rheometer. To prevent evaporation, paraffin oil was layered on the surface of the milk in the rheometer cup. The gel was subsequently formed in situ.
The rheometer was programmed to incubate the milk for 650 s, and then three measurements were conducted as follows: The initial measurements involved monitoring gelation as the samples were oscillated at a frequency of 1 Hz and 0.7 mNm torque. Measurements were taken every 22 s for 11 min. After gel formation, the rheological properties of the set gel were determined by varying the frequency from 1 to 10 Hz at 0.7 mNm torque. Measurements were taken every 10 s for 3.3 min. Oscillatory measurements, torque sweeps, were made over the torque range of 0.7 to 50 mNm at a frequency of 1 Hz. Measurements were taken every 4 s for 2 min. During the measurements, the temperature of the samples was maintained at 35 ± 0.5 • C. Three rheological functions, storage modulus (G * ), loss modulus (G * * ), and loss tangent (tan δ), were obtained in triplicate.
Gel Firmness Measurement
A 90-ml volume of milk plus coagulant was placed in a 400-ml glass beaker in a controlled temperature, covered water bath (VWR Co., Batavia, IL, USA) to maintain the coagulation temperature in the beaker (35 ± 0.1 • C). The firmness of the gel was measured after exactly 22 min using the Texture Analyzer type TA-XT2i (Stable Micro System, Surrey, England) equipped with a 2-kg compression load cell. A specially designed transparent rigid plastic test cell with an outside diameter of 2.5 cm and length of 3.5 cm and a cylindrical rod made of stainless steel with a diameter of 1.5 cm and length of 10 cm were attached to the load cell. At a speed of 2 mm/s, the test cell penetrated the curd only once, to a distance of 0.5 cm below the surface. The 400-ml beakers used to hold the coagulum were selected to have the same inside diameters (8 cm) so that the distance between the test cell and the inside wall of the beaker was always 5.5 cm. The gel firmness was measured as the amount of force in grams using a digitizer connected to a computer. Values of the firmness of the gel were generated over nine measurements.
Turbidity and pH Measurements
Turbidity of milk samples [35] was measured by using an Ultrospec 4000 UV/visible spectrophotometer (Pharmacia Biotech, Alameda, CA, USA). The spectrophotometer was driven by a microprocessor and the temperature was held at 20 ± 0.5 • C during measurements. Three milliliters of diluted milk (0.1 ml of milk + 25 ml of distilled water) at 20 • C was placed in a plastic cuvette and inserted into the cuvette holder. The turbidity was determined by monitoring optical density at 440 nm. The pH value of the milk samples was determined by immersing the Orion Research (Cambridge, MA, USA) Model 601A/digital analyzer pH electrode into the milk samples. Both measurements were conducted after 10 min of pressure treatment.
Statistical Analysis
Statistical differences for the gel firmness and the turbidity of milk were determined using analysis of variance ANOVA. [36] When significant ( p ≤ 0.05), Tukey's least significant differences test was used to separate treatment means.
RESULTS
The development of a milk casein network during gelation can be monitored by changes in viscoelasticity using the dynamic oscillatory method. [37] The rheological properties including the storage modulus (G * ), a measure of the elastic component of the network, and loss modulus (G * * ), a measure of the viscous components [38] during gelation of HHP and heat treatment (HT) of milks, were monitored. In all cases, except gel made from milk treated with HHP at 676 MPa, a sharp increase in G * and G * * gave rise to a well-formed gel network. The gel obtained from HHP at 483 MPa had the highest G * value followed by CHT, BHT, and HHP at 676 MPa gels, respectively (Fig. 1) . The increase of G * * paralleled that of G but showed a slightly lower value (data not shown).
The effects of HHP and HT on tan δ during coagulation are presented in values) effect in the milk gel network. During gel formation, there was no major change in the tan δ values as a function of time in all samples, suggesting that more elastic than viscous structure was produced with time of coagulation. The tan values for gels made with milk treated with HHP at 483MPa were higher than the other samples, indicating a more elastic network. The differences in the tan δ value between the HHP and HT samples within the linear viscoelastic region indicate that the nature and type of interaction forces were similar but strength of elasticity varied.
The rheological properties of the HHP and HT gel networks were examined by conducting frequency sweep tests. Frequency sweep data for the two parameters (G * and tan δ) were described as linear relationships between parameter and frequency. Representative curves for HHP and HT gels are given in Figs. 3a and 3b . The existence of nearly straight curves to all of these lines reflects the viscoelastic nature of the gel networks obtained (Fig. 3a) . A straight line, in which G * is independent of frequency, will result if an elastic network has been obtained. [39] Within the linear viscoelastic region, the gel obtained from HHP at 483 MPa had the greatest G , followed by CHT, BHT, and HHP at 676 MPa gels, respectively. Similarly, within the linear viscoelastic region, the tan δ values of the gels were not significantly different, except the gel obtained from HHP at 676 MPa (Fig. 3b ). It should be noted that even for these gel networks, the contribution of the elastic components was greater than the viscous components as evidenced by the fact that the tan δ values were less than one, except for the HHP at 676 MPa gel. The line of the latter gel suggests that the network had a more viscous character at low and high frequencies and a less elastic character in the intermediate frequencies.
Torque sweeps have been used to differentiate weak and strong milk gels; the strong gels may remain in the linear viscoelastic region over greater strains than weak gels. [40] In order to gain some information about gel strength after gel formation, the gels of milk treated by HHP and HT were evaluated over a range of small torques (Fig. 4 ). There were no major differences in the shapes of the G * lines for the HHP at 483 MPa, CHT, and BHT (Fig. 4) . Structural degradation occurred at some points in the torque range in the gel prepared from HHP at 676 MPa. Similar trends were seen for the tan δ (Fig. 4) . After milk was treated with 676 MPa, there was an increase in tan δ for milk gel, indicating a very weak network due to the viscous behavior. An increase in tan δ means a relatively less elastic and more viscous like behavior, with spontaneous breaking of bonds. [41] The time scale of dynamic measurements is roughly the inverse of the angular torque; this implies that with increasing torque, bonds spontaneously break within short time. These levels of HHP treatment corresponded to the micro-structural transition from unstructured mass to a cross-linked network.
The firmness of the coagulant-induced milk gel at cutting is considered one of the main factors that influence cheese characteristics, particularly cheese yield. [42] The effects of HHP and HT on gel firmness at cutting are shown in Table 1 . The gels made from CHT milk and milk treated by HHP at 483 MPa had higher firmness ( p < 0.05), compared to gels obtained from raw and BHT milk and milk treated with HHP at 676 MPa. The gel strength (G ) values of HHP and HT milk gels obtained over the range of torques appeared to be related to the gel firmness data of the same milks conducted in the Texture Analyzer (Fig. 6) .
Differences in light scattering may provide indirect evidence of altered gel structure. Table 1 shows the absorbance or turbidity of milk samples held at 25 • C after HHP and HT treatments. Turbidity increased in the order 676 MPa < 483 MPa < BHT < CHT < Raw. Raw milk had significantly higher turbidity than milks treated with either 676 or 483 MPa. Milk samples treated with 676 MPa showed lower (p < 0.05) turbidity than all samples except milk treated with 483 MPa.
DISCUSSION
The main factor responsible for the formation of coagulant-induced milk gels is the casein fraction of the milk proteins, for they constitute the gel matrix. [27] Protein gels are distinguished by their viscoelastic or rubber-like characteristics. [41] Our results show that the level of pressure influenced the rheological characteristics of coagulant-induced milk gels. Pressurizing milk at 483 MPa resulted in higher G * value during gelation (Fig. 1) , more elastic behavior (Fig. 2) , lower tan δ value (Fig. 3 ), more gel strength (Fig. 4) , stronger gel firmness at cutting (Table 1) , and reduced milk turbidity (Table 1 ) compared to milk treated at 676 MPa. The molecular mechanisms by which higher pressures affect the rheological properties of milk gels are complex and poorly understood. Pressurizing milk at high levels causes partial loosening within casein particles in the gel network due to solublization of calcium and phosphate. [43] The removal of these minerals from the colloidal phase may alter the balance between viscous and elastic components in the gel network, resulting in soft gel. [44] Whey proteins are denatured at high pressures and aggregate to casein micelles or sub-micelles. [45] The interaction of denatured whey proteins with casein micelles reduces the sensitivity of the κ-casein fraction towards chymosin, leading to weak gels. [46] Applying higher pressure (676 Mpa) caused an increase in milk turbidity due to the disruption of casein micelles [15] and the denaturation of whey proteins, particularly β-lactoglobulin. [47] In general, our results show that there were no major differences in the gels obtained from milk treated with 483 MPa HHP or HT with respect to gel formation and strength during the coagulation process, gel strength, and the gel firmness at cutting. However, the structures of the gel network and the protein-protein interactions were different. HHP and HT of milk may be distinguished by the different sensitivities of the milk proteins to denaturation or aggregation under both treatments. [11] Heat treatment of milk for cheese making, BHT or CHT, causes partial denaturation of whey proteins without affecting the casein micelles. [25] The results in this study show that the slow heating (BHT) resulted in a softer gel than rapid heating (CHT, Fig. 4 ). Apparently, molecular interactions were initiated during heating, which were affected by heating rate. Hermansson [48] and Foegeding et al. [49] have shown that heating rate has a marked influence on properties of protein gels, presumably by altering the relative rates of conformational change of protein-protein aggregation. This study demonstrated how HHP treatments affect the coagulation process and gel firmness at cutting of coagulant-induced milk gels as compared to the HT milk gels. 
